Abstract The Nicoya Peninsula, Costa Rica, was struck by a long-anticipated and gap-filling M w 7.6 earthquake in 2012. To study interseismic strain accumulation on the megathrust beneath the Nicoya Peninsula, we present an improved interseismic coupling model by integrating interferometric synthetic aperture radar (InSAR) and GPS data. Our model reveals three strongly coupled patches. The first strongly coupled patch locates beneath the Nicoya Peninsula and ruptured during the 2012 earthquake. The second strongly coupled patch locates offshore the central Nicoya Peninsula and remained largely unbroken. However, this region is close to and possibly intermingled with shallow slow slip and tremor, suggesting that accumulated strain in this region may be released both seismically and aseismically. The third strongly coupled patch offshore of the southeastern end of Nicoya overlaps part of the coseismic rupture of the 1990 M w 7.0 Nicoya Gulf earthquake, indicating that significant strain has re-accumulated since this event.
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Introduction
Subduction zones generate the Earth's largest and most destructive earthquakes. The mechanical properties of the plate interface at subduction zones can be highly heterogeneous. Regions that accumulate strain during the interseismic period have been shown to be the loci of large coseismic slip [e.g., Loveless and Meade, 2011; Metois et al., 2012; Yue et al., 2013; Zweck et al., 2002] , while adjacent areas often host microearthquakes, slow slip, or seismic tremor [Schwartz and Rokosky, 2007] . In order to image the heterogeneity of the subduction zone interface and assess potential future seismic hazards, interseismic coupling on the plate interface must be determined.
For more than two decades, the Global Positioning System (GPS) has been a primary tool used to measure interseismic deformation and interrogate the degree of locking on the plate interface at subduction zones [e.g., Dixon, 1993; Hyndman et al., 1995; Mazzotti et al., 2000] . In general, GPS data provide excellent temporal resolution but have poor spatial coverage. In contrast, interferometric synthetic aperture radar (InSAR) data can alleviate these inadequacies, thus providing an excellent complement in spatial resolution to GPS observations but with coarse temporal sampling (e.g., days to weeks). Recently, InSAR has been widely used to measure coseismic deformation at subduction zones [e.g., Biggs et al., 2009; Pritchard and Fielding, 2008; Pritchard et al., 2002; Tong et al., 2010] ; however, using InSAR to measure subtle, long-wavelength signals, such as interseismic deformation, remains a challenge. The primarily offshore location of strain accumulation and concomitant low-amplitude interseismic deformation on land has impeded the success of InSAR in subduction zone environments. Therefore, most interseismic deformation studies using InSAR have been focused on continental fault zones [e.g., Biggs et al., 2007; published for subduction zones [BejarPizarro et al., 2013; Cavalié et al., 2013; Hooper et al., 2012] . The Nicoya Peninsula in Costa Rica lies directly above the seismogenic zone, which greatly improves its vantage point. The acquisitions of high quality L-band SAR observations over the Nicoya Peninsula between 2007 and 2011 enable us to construct an improved interseismic deformation map constrained by both InSAR and GPS data.
The Nicoya Peninsula is located directly above the subduction zone interface where the Cocos and Caribbean Plates converge at a rate of approximately 8 cm/yr [DeMets et al., 2010] (Figure 1 ). The peninsula's unique location and the presence of a dense operating GPS and seismic network [Outerbridge et al., 2010; Walter et al., 2011] have made it a prime region to study strain accumulation and release at a subduction zone. During the last 160 years, four large megathrust earthquakes occurred beneath the Nicoya Peninsula in 1853, 1900, 1950 (M w 7.7), and 2012 (M w 7.6) . Moreover, since 2003, GPS and seismic networks on the Nicoya Peninsula have recorded seven slow-slip events (SSEs) accompanied by tremor Jiang et al., 2012; Outerbridge et al., 2010; Walter et al., 2011] . The most recent 2012 M w 7.6 Nicoya earthquake ruptured a significant portion of a large locked patch previously identified using GPS data alone [Feng et al., 2012] , leaving another identified locked region offshore of the northwestern Peninsula unbroken . Understanding the detailed spatial distribution of the locked and creeping patches to assess whether the fully locked patches are distinct from and/or surrounded by slowly slipping regions is particularly important for earthquake hazard studies [Schwartz and Rokosky, 2007] . To better determine the location and size of locked patches and compare them to the ruptured and slow-slipping regions, this paper provides an improved interseismic coupling model by integrating InSAR and GPS data.
InSAR Data and Analysis
We use the L-band SAR data from the Advanced Land Observing Satellite (ALOS) Phase Array L-band Synthetic Aperture Radar (PALSAR) with~23.6 cm wavelength. The dense vegetation on the Nicoya Peninsula limits the use of SAR data with shorter wavelengths because of low coherence of available interferograms. The SAR images were collected from January 2007 to October 2010 and are now archived at the Alaska Satellite Facility. Unfortunately, the ALOS PALSAR ceased operation in March 2011. Three ascending and three descending tracks are available for this region. However, the descending tracks have too few scene acquisitions, and the two adjacent ascending tracks have poor spatial coverage over our region of interest. Therefore, in our analysis, we only use ascending track 164 that provides enough SAR acquisitions and covers nearly the entire area of the Nicoya Peninsula (Figure 1 ) to image its interseismic deformation. 1950, 1978, 1990, and 1992 events are indicated with gray-filled patches. The coseismic region of the 2012 event is shown as the red-filled patch [Yue et al., 2013] . Focal mechanisms for the 1990, 1992, and 2012 events from the global centroid moment tensor catalog are also indicated. The black rectangle indicates ALOS PALSAR track 164 used in this study. The white arrow indicates the convergence vector between the Cocos and Caribbean Plates [DeMets et al., 2010] . The trench is marked with the gray barbed solid line. The black triangles are the Holocene active volcanoes [Siebert and Simkin, 2002] .
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InSAR Data Processing
We processed 18 SAR acquisitions from track 164 between 2007 and 2010 by using the Jet Propulsion Laboratory/California Institute of Technology Repeat Orbit Interferometry Package [Rosen et al., 2004] version 3.0.1. We constructed 120 possible interferograms with perpendicular baselines less than 1200 m. We used a Shuttle Radar Topography Mission version 3 digital elevation model, which has a 90 m resolution (downloaded from http://dds.cr.usgs.gov/srtm/version2_1/SRTM3/South_America/) to remove the topographic phase from the interferograms. Decorrelation of the interferograms is significant due to the heavy vegetation of the Nicoya Peninsula, so we reduced (complex averaged) the interferograms in the range and azimuth direction by 16 and 32 pixels to improve the signal coherence, resulting in a pixel size of~75 m × 113 m in radar coordinate. We used the SNAPHU program [Chen and Zebker, 2000] to unwrap the phase. We used a triplet stacking phase which forms a loop as an indicator for the unwrapping errors [Biggs et al., 2007] . Very localized unwrapping errors might still remain in the interferograms, but these are typically small and do not introduce major errors into the analysis of the interferograms.
Orbital Error Correction
One of the main issues in InSAR analysis is proper removal of residual orbital errors. These errors contribute to phase artifacts in the interferograms because of uncertainty in orbital parameters. Typical orbital errors are on the order of~0.19 mm/km over space [Fattahi and Amelung, 2014; Hanssen, 2001] . To avoid tectonic signals being masked by long-wavelength orbital signals, a correction for the residual orbital signals is necessary. However, because of the spatially long-wavelength nature of interseismic deformation [e.g., Bürgmann et al., 2000; Simons and Rosen, 2007] , it is difficult to identify a subregion that is completely free of the deformation signal in order to estimate and correct for orbital errors. Moreover, the distribution of GPS stations is sparse in the northern region of the Nicoya Peninsula, so accurate corrections cannot be made using these GPS stations alone. Therefore, we corrected for residual orbital signals using a GPS-derived interseismic strain accumulation model from Feng et al. [2012] . The long-wavelength deformation information in the corrected InSAR data is maintained and should be similar to the GPS data. Since this GPS-derived interseismic model includes all of the GPS stations and fits the observations very well, it provides reliable information on the long-wavelength deformation.
First, we projected the predicted horizontal and vertical components of the GPS-derived interseismic velocities to the line of sight (LOS) direction by using a unit vector of LOS [0.60, 0.13, 0.79] in the east, north, and vertical directions. Then we removed the predicted LOS deformation from the unwrapped interferograms and applied a polynomial fit to remove the residual orbital error. Finally, we added the predicted LOS deformation back to the signals. This correction is similar to the SURF approach of Tong et al. [2013] . We do not observe significant stratified atmospheric noise in the remaining phase signal, so no correction for stratified atmospheric noise is included. We chose a point outside of the deformation region as a reference (Figure 3 ) and subtracted the mean value of the pixels around the reference point from all pixels in the images. This reference point also collocates with a campaign GPS station (BAGA) with a LOS velocity of~9 mm/yr, which is relatively small compared with the other stations in the fore-arc region.
Stacking
In order to access whether InSAR can detect the interseismic deformation signal, we constructed a simple rate map by stacking. We selected eight corrected SAR interferograms, whose perpendicular baseline is <300 m and temporal duration is >2 year, to construct a time-weighted stacked image. Repetitions of the selected master or slave SAR acquisitions (Figure 2 ) are limited to no more than four. Assuming the interseismic deformation accumulates at a constant rate, the stacked velocity for each pixel can be
, where d a is the average displacement over one year, d i is the ith displacement during time T i , and n is the number of selected pairs. The interferograms with longer time intervals contribute more to the stacking result. Stacking is based on pixels, and the number of interferograms used for stacking can be different for each pixel. The resultant LOS rate map shows two significant regions of deformation in the southern part of the peninsula with magnitudes of~10-15 mm/yr, comparable to the GPS observations. It also shows deformation features that are correlated with the Journal of Geophysical Research: Solid Earth 10.1002/2014JB011844 location of volcanoes that are not obvious in the GPS measurements. In general, the stacked rate map is noisier near the coastal region and northern portion of the image than the rest of the area (Figure 3 ).
Time Series
To make use of all available SAR data, we used the small baseline subset method to invert for the LOS displacement time series from January 2007 to October 2010 at each pixel [Berardino et al., 2002] . First, we used all possible interferograms to construct a time series and calculate the root-mean-square ( . Since we are focused on average "interseismic" strain accumulation (see discussion in section 5.1), we estimated a constant linear velocity by using linear regression of the time series for each coherent pixel. Scattering in the InSAR residual LOS time series after linear fitting is~5.4 mm, and the typical total displacement of the slow-slip events in the LOS direction is~6.4 mm. This suggests that using InSAR time series to detect transient slow-slip events in this region will be challenging. The major features of the linear rate map are similar to the stacking result (Figure 4 ), but the linear rate map shows a much cleaner pattern ( Figure 3 ). Our ultimate goal is to combine the linear rate map from the InSAR time series analysis and GPS velocities to construct an interseismic coupling model.
Since the InSAR image has tens of thousands of data points, we applied a quadtree algorithm based on variance change to downsample the InSAR linear rate map [Jónsson et al., 2002] . For the variance threshold of 0.81 cm 2 , the downsampled linear rate map approximates the original LOS displacement well (see the supporting information). Since the signal in the vicinity of the volcanic arc is not related to the interseismic deformation, we masked the signal in this region. After downsampling the total number of pixels is 988.
Error Analysis
To assess uncertainties of model parameters, it is useful to characterize the noise level in the data. One of the main sources of spatially correlated noise in InSAR data comes from residual atmospheric signal [e.g., Hanssen, 2001; Lohman and Simons, 2005; Liu et al., 2014] . To estimate the contribution of this spatially correlated noise in the linear rate map, we adopted a sample covariogram approach, in which the atmospheric errors can be approximated as spatially stationary and isotropic. The definition of the sample covariogram isĈ
where N is the number of pixel pairs at location r i and s i , which satisfy ||r i À s i || = h; h is the distance between pixel pairs; and d(r i ) is the observation at pixel r i [Hanssen, 2001; Lohman and Simons, 2005] . We masked the signal at the southern end of the peninsula and near the volcanic arc to assure that no deformation signal is included in the atmospheric noise estimation (Figure 5a ). The sample covariogram is calculated by averaging the covariance of each pixel pair within 100 m intervals in the distance range from 0 to 50 km. We used an Journal of Geophysical Research: Solid Earth [Hanssen, 2001] to fit the calculated sample covariogram. For the linear rate map, the estimated σ 2 is 6.5 mm 2 and L is 35.2 km (Figure 5b ). To construct the covariance matrix of the quadtree sampled linear rate map, we propagated the covariance of each pair, which was calculated by the estimated covariance function, into the corresponding quadtree square [Sudhaus and Sigurjón, 2009] . This covariance matrix was used in the InSAR/GPS joint inversion for interseismic coupling.
In order to assess the effects of this spatially correlated noise in the inversion, we generated a synthetic atmospheric signal (Figure 5c ) by using the estimated covariance matrix of the quadtree sampled linear rate map [Parsons et al., 2006] . The simulated synthetic atmospheric noise has similar characteristics to the noise in the linear rate map, so it presents a good approximation for the residual atmospheric noise in the data. This synthetic atmospheric signal was used in the checkerboard test to include the influence of the spatial correlated noise.
GPS Data
The continuous and campaign GPS interseismic velocities used in our model are taken from Feng et al. [2012] . There are 19 continuous GPS stations (installation initiated in 2002 and completed in late 2009 [Outerbridge et al., 2010] ) and 29 campaign stations (which were occupied at least twice for three consecutive days each time) [Feng et al., 2012] . These GPS data have different observation periods, but most of them overlap the temporal coverage of the InSAR data. The GPS network covers the entire Nicoya Peninsula (Figure 6a ). To better constrain the downdip limit of the seismogenic zone, we included high-quality GPS vertical velocities. All GPS velocities are relative to the stable Caribbean Plate [Feng et al., 2012] .
Modeling 4.1. Modeling Method
We used a back slip model to invert for the slip deficit on the plate interface [Savage, 1983] , assuming that the interseismic strain accumulation is elastic. The back slip approximates the coupling on the plate interface. Regions where the back slip is the same as the plate motion rate are considered to be fully coupled [e.g., Hetland and Simons, 2010; Liu et al., 2010a; Savage, 1983; Wang and Dixon, 2004] .
The plate interface geometry is adopted from the model of Feng et al. [2012] , which was derived from the slab seismicity [Ghosh et al., 2008] . The plate dip angle changes from the surface to a depth of 62 km. From the trench to a depth of 18.6 km, the dip angle has a constant value of 11.4°. Below the depth of 18.6 km, a parabolic function is fit to the dip angle change, which has a maximum dip angle of 48.1°at a depth of 62 km (Figure 6b ). The total interface has a length of 200 km along the trench strike direction and a width of 145 km along the dip direction. It is discretized into 40 × 29 rectangular patches with a patch size of 5 km × 5.1 km (Figure 6a ).
Since oblique convergence has been suggested to be accommodated mostly by fore-arc sliver motion rather than strike-slip motion on the plate interface during the interseismic period [Feng et al., 2012; Norabuena et al., 2004] , and the strike-slip motion is negligible relative to the dip-slip motion on the 2014JB011844 plate interface (see the supporting information), we only consider the back slip component along the dip direction. We resolved the 3-D GPS velocities to trenchnormal and vertical components, which provide good constraints on the downdip transition depth from locked to aseismic creeping. We excluded GPS stations near the volcanic arc due to possible contamination from volcanic deformation (Figure 6a ). The linear inverse problem is
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where U is a M × 1 slip vector along the fault dip direction; M is the number of fault patches; C is the nuisance offset between GPS and InSAR; a is the relative weighting ratio between InSAR and GPS; W SAR is a weighting matrix for the InSAR data set, which satisfies W
is the InSAR data covariance matrix; G SAR is the N × M Green function matrix with the elastic response at each InSAR pixel for unit dip slip at each fault patch; N is the number of InSAR pixels; I is a N × 1 vector whose elements are all one; d SAR is a N × 1 displacement vector at each InSAR pixel; W GPS is a weighting matrix for the GPS data set, which satisfies W
is the GPS data covariance matrix; G GPS is a 3N 2 × M Green function matrix, which is the elastic response in the north, east, and vertical directions at each GPS station for unit dip slip at each fault patch; N 2 is the number of GPS stations; and d GPS is a 3N 2 × 1 displacement vector including the east, north, and up components. D = ∇ 2 is a M × M Laplace smoothing matrix that is a scale-dependent second-order finite difference operator along both dip and strike directions, and γ is the smoothing factor. All the Green functions are calculated using an elastic dislocation model in a half space [Okada, 1985] . The covariance matrix of the GPS Σ GPS is diag σ iu is the standard deviation of the east, north, and vertical components of the ith GPS. The GPS error estimation accounts for both the time-uncorrelated and time-correlated noise [Feng et al., 2012] . The covariance matrix of InSAR is calculated based on the estimated covariance function in section 2.5.
We investigate the effect of the different weighting factors between InSAR and GPS on the inversion by varying this parameter from 0.1 to 10. The higher weighting of InSAR provides a better fit to the InSAR but a worse fit to the GPS data. We find a weight of 4.2:1 between InSAR and GPS which provides a good balance between fitting both the InSAR and GPS data (Figure 6c ).
Our model is solved by using a least squares constrained inversion. The back slip rate at each fault element is constrained between zero and the trench-normal convergence rate between the Cocos and Caribbean plates (Co-CA). We impose a zero slip constraint at the trench and free slip at all other fault boundaries. Imposing zero slip constraints on all the fault boundaries does not change the inversion results. The smoothing factor γ is determined by the trade-off between model roughness and weighted data misfit (Figure 7d ). Larger smoothing factors reduce the roughness of the model but increase data misfit [Feng et al., 2012; Jónsson et al., 2002; Liu et al., 2010a] . The weighted root-mean-square (WRMS) residual is used for the model misfit. We choose λ = 1 as the preferred smoothing factor, which provides a balance between the roughness and WRMS residual (Figure 7d ). This preferred model fits both the InSAR and GPS data well (Figure 8 ). 
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Checkerboard Resolution Test
To examine the spatial resolution in our model, we performed a checkerboard test. Since the average length scale of the coupling pattern in the resulting model is~40 × 40 km 2 , we divided the fault surface into patches of this size and imposed alternating full and zero back slip as the synthetic input model (Figure 9a ). We then calculated the surface displacement at the GPS stations and the LOS displacement at each SAR pixel. We added random noise to the synthetic GPS velocities. The random noise follows a normal distribution with zero mean and the same uncertainty as the observed GPS data. We also added synthetic atmospheric noise (Figure 5c ) to the synthetic InSAR data to assess the effect of spatially coherent noise on the inversion. The covariance matrices of GPS and InSAR used in the checkerboard tests are the same as used in the modeling. The same inversion method was applied to the checkerboard test, and the results using different smoothing factors are shown in Figures 9b-9d . All the tests show that the region under the Nicoya Peninsula is well resolved with little resolution near the trench and reduced resolution downdip on the fault interface. After testing the effect of different smoothing factors on the resolution, we find a factor of 1 which provides the best spatially recovered pattern.
Modeling Results
Our preferred model shows three robust strongly coupled regions (Figure 10 ). One patch locates beneath the middle portion of the Nicoya Peninsula centered at~22 km depth. This locked region is very consistent for different smoothing factors ( Figure 7 ) and coincides well with the rupture area of the 2012 M w 7.6 Nicoya, Costa Rica, earthquake. The second locked patch locates just offshore the central Peninsula, centered at 14 km depth and is nearly parallel to the first patch. This feature persists even when a larger smoothing factor is used. This region experienced little slip during the 2012 Nicoya, Costa Rica, earthquake. The third strongly locked patch locates offshore the southeastern end of the Nicoya Peninsula, and the coupling pattern close to the coastline is a robust feature and appears in results using different smoothing factors. This area also overlaps part of the rupture area of the 1990 M w 7.0 Gulf of Nicoya earthquake (see Figure 11) . The model indicates another strongly coupled region at the downdip edge of the fault; however, because it occurs in an area of low resolution due to a data gap and high noise near the inlet to the Nicoya Gulf, we do not believe that it is reliable. The accumulated geodetic strain moment rate of the first strongly coupled patch (an~1100 km 2 area defined by the 70% locking contour) is equivalent tõ ), corresponding to a M w 7.2 earthquake over this same 62 year period. 
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Our model also indicates several regions with partial coupling (~55% locking; Figure 10 ): two patches downdip of the onshore strongly coupled region and one patch offshore of the northwestern part of the Nicoya Peninsula. The two downdip partially coupled regions are directly beneath land with excellent data coverage, so they are robustly resolved. The partially coupled area offshore to the northwest is also well resolved near the coastline, based on the resolution tests (Figure 9c ).
The updip limit of our preferred coupling model is at~10 km depth, which is shallower than the upper limit of microearthquakes in this region [Newman et al., 2002] , and the depth of the 100°C isotherm [Harris et al., 2010] 
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10.1002/2014JB011844 although admittedly this updip limit is not well constrained because of a lack of data offshore. The downdip limit of coupling does not appear as an abrupt transition (Figure 10 ). The depth of the deepest strong coupling (<70%) is~24 km, while 55% coupling persists to almost 40 km depth.
Discussion
Interseismic Strain Accumulation
Slow slip, like earthquake motion occurs in the opposite direction of interseismic locking on the plate interface and releases part of the accumulated strain [e.g., Liu et al., 2010b; Beroza and Ide, 2011] . The long-term accumulated elastic strain therefore includes the effect of any SSEs [e.g., Correa-Mora et al., 2008; Outerbridge et al., 2010] . Both GPS and InSAR data reflect the long-term strain accumulation averaged over several SSEs. The GPS data set we utilized is the velocity averaged over many years and includes transient offsets due to several SSEs [Feng et al., 2012] . The InSAR linear rate map is also an average velocity over 4 years that includes the occurrences of several SSEs. Therefore, our resulting coupling model investigates the average interseismic strain accumulation rather than "inter-transient" strain accumulation. 
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Comparison to the GPS-Only Coupling Model
Our preferred GPS/InSAR integrated model is similar to the GPS-only model in its long-wavelength features but differs from it in detail. Although both models contain two strongly coupled patches, one beneath and the other offshore the central part of the Peninsula, the two strongly coupled patches have slightly different spatial patterns in the two models (Figure 10 ). The onshore locked patch in the GPS-only model extends to greater depth and is indented or notched compared with the integrated model. The central offshore locked patch in the two models has a similar depth but clear variations along strike. The GPS-only model shows moderate coupling south of the boundary between Cocos-Nazca spreading center and East Pacific Rise derived crust, while the integrated model indicates strong coupling south of this boundary (Figure 10 ). The two strongly locked patches in the integrated model also have more separation along dip and more elongation along strike. The high resolution of these two strongly locked patches ( Figure 9 ) and their robustness (see Text S6 in the supporting information) suggests these differences between the InSAR/GPS integrated and the GPS-only models are statistically significant. The third strongly locked region just offshore the southeastern portion of the Peninsula is more prominent in the integrated model than in the GPS-only model. This region is near the edge of our grid, and a portion has poor resolution (Figure 9 ), so we have less confidence in the difference between the models in this area. 
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In contrast to these somewhat subtle differences in the strongly coupled regions, the two models are significantly different in the distribution of partially coupled regions and the transition from strong to weak coupling. For example, our integrated model reveals two onshore partially coupled areas with~55% locking downdip of the strongly locked patch (Figure 10 ), while the GPS-derived model reveals very low coupling (0-30% coupling) in these two areas [Feng et al., 2012] . This difference between models beneath the land reflects a better resolution of the combined InSAR and GPS data set (see Text S7 in the supporting information). Moreover, an elongated~55% locked patch exists in the northwestern offshore region in the integrated model, while this partially coupled feature appears stronger and extends further inland in the GPS-only model. Similarly, a downdip~55% coupled region in the GPS-only model appears to be uncoupled in our integrated model (northwestern most part of the peninsula in Figure 10 ). Another downdip~55% coupled region to the southeast is not well resolved in either model. The integrated model images an abrupt updip transition from strong to zero coupling about halfway between the shoreline and the trench while the GPS-derived model shows a much smoother transition. In general, we find that the integrated and GPS-only models share similar long-wavelength characteristics, but inclusion of InSAR data improves model resolution and reveals more refined features at the local scale.
Comparison With Local Seismic and Aseismic Events
The 5 September 2012 M w 7.6 Nicoya earthquake nucleated offshore and ruptured down dip with the largest slip occurring coincident with the onshore strongly coupled patch as anticipated Yue et al., 2013] , while most of the central offshore strongly coupled patch remained intact. The 2012 coseismic rupture extended into the transition region from strong to weak coupling (Figure 11 ), which suggests that dynamic rupture is capable of penetrating into regions with conditional stability. Most thrust aftershocks of the 2012 event occurred near the upper edge of the onshore strongly coupled patch that failed in the earthquake (Figure 11 ). Few of these aftershocks and any previously identified plate boundary events [DeShon et al., 2006] locate in the central offshore strongly coupled patch. The lack of coseismic and interseismic slip on this patch suggests a different mechanical behavior from the onshore locked patch. The fate of the central offshore locked patch and its mode of future failure are unclear. It may have the potential to generate a future large earthquake (M w 7.2 as estimated in section 4.3). However, the occurrence of afterslip (R. Malservisi, personal communication, 2014) , its proximity to geodetically determined slow slip and accompanying tremor, and very low frequency earthquakes (see supporting information) suggest that this region may have released some of the accumulated strain. A recent inversion of the GPS data using a refined 3-D plate interface model for the Nicoya Peninsula produced a muted offshore locking pattern [Kyriakopoulos et al., 2013] . The significantly reduced offshore strain accumulation of their model may in part be released during aseismic transient events. The third strongly locked region offshore the southeast Figure 10 . Comparison between the integrated interseismic coupling model and the GPS-only model. The regions of our model with coupling degree >70% are outlined by the solid black lines, and the regions with coupling degree >55% are outlined by the dashed black lines. The regions of Feng et al. [2012] with coupling degree >70% are outlined by the solid white lines, and the regions with coupling degree >55% are outlined by the white dashed lines.
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part of the Peninsula that overlaps the rupture area of the 1990 M w 7.0 earthquake did not slip during the 2012 Nicoya earthquake, and we believe that it has the potential to fail in another future earthquake.
Large slow-slip events (SSEs) have occurred repeatedly on the plate interface near Nicoya every 21 ± 6 months, while smaller events are much more frequent Dixon et al., 2014] . All of the SSEs are accompanied by tremor with both low-frequency (LFE) and very low frequency earthquakes embedded within this tremor [Brown et al., 2009; Walter et al., 2013] . There were seven SSEs recorded by GPS stations between 2007-2012, and all had some slip both updip and downdip of the seismogenic zone [Outerbridge et al., 2010; Dixon et al., 2014] . A comparison of slow slip locations with the coupling pattern of our model shows that downdip slow slip mainly occurs in the weakly coupled regions (locking <55%), while updip slow slip overlaps part of the strongly locked areas (Figure 11) . A more detailed interpretation of the relative locations of these features should consider the different fault geometries used in the inversion schemes. . Low-frequency earthquakes (LFE) [Brown et al., 2009] are plotted with green-filled, white-bordered circles. Thrust aftershocks of the 2012 event are indicated with black dots. The 110°C and 200°C isotherms are indicated as the white dashed lines [Harris et al., 2010] , and the Moho is indicated as the red dashed line.
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The abundant tremor and very low frequency earthquakes that accompany slow slip are poorly located but corroborate the overlap of slow-slip phenomena with the offshore locked patch (supporting information). If shallow slow slip indeed overlaps part of the strongly coupled region, it suggests that strain accumulation may be in part released by the recurrent SSEs in the shallow seismogenic zone in Costa Rica, similar to what has been found in other subduction zones [e.g., Liu et al., 2010b; Beroza and Ide, 2011] . The overlap of stickslip and slow-slip behavior may be real or more likely reflects our inability to distinguish small length-scale variations in frictional behavior due to limited resolution. Closely located brittle and viscous deformation modes have been shown to exist in rock assemblages from exhumed subduction zones [Fagereng and Sibson, 2010] . These authors proposed that subduction plate boundary shear zones are very heterogeneous and may consist of alternating weak and strong components that can host seismic and aseismic deformation modes within a small volume.
Brown et al.
[2009] located deep low-frequency earthquakes (LFEs) in Costa Rica using a network autocorrelation approach, which allows individual S waves to be identified. These LFEs are the most accurately located slow-slip phenomena in the region and occur over a depth range of 30-40 km on the plate interface. They mainly occur in the partially locked (~55%) areas at the transition from strong to weak coupling just downdip of the strongly locked patch (Figure 11 ). LFEs and partial coupling indicate the transition in frictional properties from stick slip to stable sliding.
Integration of our coupling model with the local seismic/aseismic events provides some insights into possible mechanisms producing variations in locking behavior of the Nicoya, Costa Rica, subduction interface. The fact that the 100°C isotherm intersects the central offshore strongly coupled region, and the 200°C isotherm occurs deeper than the dowdip limit of locking, suggests that temperature is not the primary control on coupling variations in Nicoya, Costa Rica. Similar conclusions were also drawn for the Hikirangi subduction zone, New Zealand, and the Cascadia subduction zone [McCaffrey et al., 2008; Gomberg, 2010] . Numerical models show that SSEs typically occur at transitions from velocity weakening to velocity strengthening [e.g., Liu and Rice, 2005; Liu and Rice, 2007] . The coincidence of SSEs with low coupling in our model suggests that differences in frictional properties are an important factor affecting coupling variations. The occurrence of LFEs, and slow slip, in general, has been attributed to fluid-rich environments with high pore pressure [Schwartz and Rokosky, 2007; Shelly, 2010] . Previous studies in Costa Rica indicate that the fluid production is very high at both shallow and deep depths along the subducting plate interface beneath Nicoya Peninsula [e.g., Tryon et al., 2010; Hensen et al., 2004; Audet and Schwartz, 2013] . Dehydration of clay minerals in the subducted marine sediments at shallow depth and serpentinization at deep depth could provide sources for such high fluid production [Tryon et al., 2010; Hensen et al., 2004; DeShon and Schwartz, 2004] . In this regard, fluid distribution at the plate interface may be another important factor contributing to the observed coupling variations in the Costa Rica subduction zone.
Conclusions
The interseismic InSAR linear rate map for the Nicoya Peninsula reveals a LOS deformation rate on the southern coastline of~10-15 mm/yr that gradually decreases inland from the trench. Our study demonstrates that InSAR data can be used to recover small, long-wavelength deformation signals in challenging subduction zone environments when integrated with GPS observations. The interseismic coupling model using both GPS and InSAR data reveals three robust strongly coupled regions: (1) beneath the middle portion of the Nicoya Peninsula centered at~22 km depth; (2) offshore the central part of the peninsula, parallel to the first patch; and (3) offshore the southeast end of the peninsula. The first patch ruptured during the 2012 M w 7.6 Costa Rica earthquake as expected. The second patch did not, and its mode of future failure is unclear. It might have the potential for a future seismic event of~M w 7.2, or much of its accumulated strain may be released by slow slip. The third strongly coupled patch overlaps part of the rupture area of the Gulf of Nicoya 1990 M w 7.0 earthquake and will likely slip again in a future earthquake.
Our integrated model and the GPS-only model share similar long-wavelength characteristics, but inclusion of InSAR data improves model resolution and reveals more refined features at local scales. This allows for improved comparison with local seismic and aseismic events. Well-located low-frequency earthquakes that accompany slow slip occur at downdip transitions from strong to weak coupling. Geodetically detected Journal of Geophysical Research: Solid Earth 10.1002/2014JB011844 deep slow slip tends to occur in weakly coupled regions, while updip slow slip may overlap with strongly locked areas and help to release part of the accumulated strain. The spatial correlation between the distribution of coupling and the locations of SSEs and LFEs suggests that fluid and frictional heterogeneities may be the two main factors influencing coupling variations.
